Tracer Dispersion in Sintered Glass Beads
with a Bidisperse Size Distribution

An experimental study was made of tracer dispersion in bidisperse sin-
tered glass materials prepared from mixtures of two sizes of beads with
mean diameters of 325 and 95 um. The equivalent dispersion coefficient
increases by a factor of 30 when the porosity decreases from 30 to
12%; this variation is similar to that measured in monodisperse sam-
ples. The variation of dispersion can be characterized by the ratio R =
24/L, where €,is a length scale deduced from the equivalent dispersion
coefficient and L, is obtained from conductivity and permeability mea-
surements. it is shown that the increase of £,/ L, correlates with the loss
of porosity during the sintering process. Lightly sintered samples with a
percentage of small beads around the minimum of porosity display a
nearly Gaussian behavior, with a dispersion coefficient close to that
obtained in homogeneous equivalent mixtures. This result is in contrast
with very large anomalies observed by other authors. These results
imply that dispersion in consolidated samples is sensitive to large-scale
inhomogeneities of the materials rather than to their detailed structure.

Introduction aC(x, 1) .

The purpose of this paper is to study the influence on tracer at
dispersion of the polydispersity of the grains building up the
solid matrix of a porous material. Tracer dispersion is presently
of great interest both for its applications and for fundamental
reasons. On the practical side, tracer dispersion can be used as a
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tool to detect structural inhomogeneities of rocks in hydroge-
ology or petroleum engineering. Dispersion is also useful in
separating chemical components by their different adsorption
characteristics in chromatography and chemical engineering
processes. On a more fundamental level, tracer dispersion can be
pictured as a biased random walk of tracer particles in a disor-
dered system. This is a problem where recent statistical
approaches of the physics of macroscopic disordered media have
brought new physical insight.

For a homogeneous porous material fully saturated with a sin-
gle liquid or a finely dispersed mixture, tracer dispersion can
often be described by a convection-diffusion equation (Fried and
Combarnous, 1971; Bear, 1972:
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where U is the mean intersticial flow velocity. In Eq. 1, the two
effective dispersion coefficients K| and K, correspond to gra-
dients of the tracer concentration either paralle] or perpendicu-
lar to the flow. They take into account the effect of the random
structure of the velocity field inside the medium. Solutions to
Eq. 1 represent normal Gaussian dispersion; it is only valid when
the upper boundary of the heterogeneity characteristic length
scales is small compared to the sample size (in statistical lan-
guage this condition is related to the application of the central
limit theorem).

At high enough velocities, K| is mainly associated with a geo-
metrical mechanism (variation of the velocity field from one
pore to another) with the approximate variation (Saffman,
1959, 1960):

Ky=Ug, 2)
The length scale £,, often called dispersivity, is the basic infor-
mation given by dispersion. The quantity &, can also be
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described as the correlation length of the velocity-velocity corre-
lation function (Bear, 1972; Koch and Brady, 1985, 1987) and
thus as the mean characteristic length for the decorrelation of
the velocity of a tracer particle along its path through the mate-
rial. Note that the linear variation of Ky with U given in Eq. 2 is
an approximation and other mechanisms introduce additional
terms (Bear, 1972; Taylor, 1953, 1954; Koch and Brady, 1985,
1987; Guyon et al., 1987b).

Tracer dispersion and in particular £, can be a useful method
to characterize the degree of heterogeneity of a porous medium.
In a very homogeneous material, for example, the correlation
length of the velocity field is very small and of the order of the
grain size. On the contrary, correlation lengths much larger
than the grain size are measured in many consolidated materials
as well as real rocks (Baker, 1975; Coats and Smith, 1964; Bacri
et al., 1986, 1987; Hulin and Salin, 1987. For instance, the dis-
persion coefficient in 200 um dia. monodisperse glass beads
samples {Charlaix et al., 1986, 1987) is almost two orders of
magnitude higher in sintered beads with a porosity @ = 24%
than in nonconsolidated samples (& = 37%). In addition, heter-
ogeneous materials often demonstrate non-Gaussian dispersion
curves (i.e., not solutions of Eq. 1 and hence described an anom-
alous) with characteristic long tails at large times (Baker, 1975;
Charlaix et al., 1986, 1987; Coats and Smith, 1964; Lemaitre et
al,, 1986). Causes of heterogeneity can be many: at the pore
scale, they may be due to a broad distribution of pore sizes
(Charlaix et al., 1987; on a larger scale, they may be associated
with random domains of higher and lower porosity.

The main objective of this work is to determine the relative
influence of pore scale disorder as well as of longer range hetero-
geneities by studying dispersion in bidisperse packings of spheri-
cal beads as a function of their composition and of the degree of
sintering. In addition, we will relate our results to recent experi-
ments in unconsolidated mixtures of beads with binary size dis-
tributions (Lemaitre, 1985; Lemaitre et al., 1986; Guennelon et
al., 1983) and double-peaked distributions (Han et al., 1985).
The first three papers report very large effective dispersion coef-
ficients in unconsolidated binary mixtures around the minimum
of porosity (corresponding to a volume fraction of small spheres
around 25%) (Ben Aim and Legoff, 1967; Ben Aim, 1970). The
interpretation was related to the broad distribution of local cur-
rents due to the large pore size variations. Han et al., also mea-
sured larger dispersion coefficients (but only by 2 factor of 2) in
binary mixtures than in monodisperse mixtures (however, in
their experiment, the width of the peaks in the size distribution
was larger and the fraction of large beads much smaller than
reported here). These results imply an unexpectedly strong con-
nection between the details of the microscopic structure and
long-range correlations. This has induced us to study particu-
larly closely the variations of the dispersion characteristics near
the critical filling concentration.

Experimental Procedure

The experimental procedure has been described elsewhere
(Charlaix et al., 1986, 1987). Either of two different CaCl,-
water solutions (1g/L and 2g/L) can be injected into the sample
at a constant flow rate value. The time variation of concentra-
tion at the outlet of the sample is recorded after a stepwise varia-
tion has been induced at the inlet by switching from one solution
to the other. The samples havea 12.5 mm OD and a length rang-
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ing between 5 and 15 cm. They are cored out of larger blocks of
10 cm dia.

The samples are prepared from beads with two different
diameters, as was done by Lemaitre (1985) and Lemaitre et al.
(1986). We have used beads in the two diameter ranges 88—104
and 297-354 um. Several mixture compositions have been used.
In particular, several samples of different compaction but with
similar small bead volume fractions close to the critical value
30% have been analyzed. Great care has been taken to obtain
homogeneous mixtures and to eliminate wall effects in the sam-
ples we have studied. Data on the fraction of small beads used in
the bidipersed samples are contained in Table 1. The bidisperse
samples will be labeled throughout the paper by their porosity.

The sample preparation procedure is the same as described
elsewhere by Guyon et al. (1987a). The two types of beads are
fed separately from vibrating distributors; the flow rates of each
distributor can be adjusted to change the mixture composition.
In order to obtain homogeneous concentrations of large and
small spheres throughout the sample, the small particle feeder is
periodically moved horizontally at a slow rate to improve their
repartition. The feeders are placed above a cylindrical mold (10
cm ID, 20 cm height) which is continuously rotated in order to
avoid stratification. The homogeneity of the packing is further
improved by putting a series of screens between the feeders and
the mold. After the mold is filled, it is placed inside a press and
undergoes a series of pressure cycles to further eliminate in-
homogeneities (Gauthier, 1987). Finally, the packing is consoli-
dated by placing the cell in an oven at a temperature of 650°C
for a length of time that depends on the required final porosity.

Before acquiring data with actual samples, we obtain system
response curves using just the two injectors with no sample in
between. This allows us to deconvolute the stray volume of the
injection set-up out of the experimental data using a Laplace
transform procedure described previously (Charlaix et al., 1986,
1987). The deconvoluted data are then fitted with theoretical
models. In very homogeneous materials, the curves fit very well
to a Gaussian dispersion.

When the dispersion is anomalous (i.e., experimental curves
do not correspond to solutions of Eq. 1), we fit the data to the
more complex capacitance model described in the literature
(Coats and Smith, 1964; Schweich, 1985; Villermaux, 1981.
This model assumes that only a fraction fof the fluid in the pore
volume is actually flowing, with a corresponding dispersion coef-
ficient K. Tracer exchange between the stagnant and flowing
phases takes place with a characteristic time T} Dispersion in
the flowing phase is characterized by a coefficient K. The fourth
parameter is the mean intersticial velocity U.

The parameters in this model have no physical relationship to
our sintered samples because the pore volume is well connected
in our porosity range and no large dead zones can be viewed on
micrographs. This procedure is however very convenient to com-
pare data from various samples ( f'gives, for instance, the degree
of deviation from a Gaussian behavior); it allows, in addition, a
determination from these parameters of an asymptotic disper-
sion coefficient K, with:

K, =K+ UT{1 - f)* 3)
K, is the dispersion coefficient in a sample made of the same

material but with a very large length compared to UT. One can
indeed show that, in this case, the dispersion should become
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Table 1.

Data Obtained Using Bidisperse Sintered Samples Prepared from 320 and 95 um Mean Dia. Glass Beads

0 T, Vye Ka,/U T,
mL/min s Pe cm’ cm f s /L,
30% Porosity, 30% Small Beads Vol. Frac. Sample
092 227 84.8 3.48 0.0143 0.98 NM* 0.751
0.46 458 42.1 3.51 0.0123 0.99 NM* 0.646
0.23 905 21.3 3.47 0.0118 0.98 NM* 0.622
0.092 2,285 8.42 3.50 0.0126 1 NM* 0.666
0.046 4,630 4.16 3.55 0.0143 1 NM* 0.754
0.023 9,320 2.07 3.57 0.0127 1 NM* 0.668
18% Porosity, 18% Small Beads Vol. Frac. Sample
4.5 49.6 364 3.72 0.161 0.88 41.7 7.09
2.25 91.5 198 3.43 0.123 0.95 227 5.39
1.125 169 107.0 3.17 0.115 0.96 775 5.05
0.45 404.5 44.7 3.03 0.055 0.96 2,083 4.92
0.112 1,670 10.8 3.12 0.07 0.92 879 4.08
12% Porosity, 28% Small Beads Vol. Frac. Sample
2.76 28.9 364 1.33 0.524 0.86 98.5 26.9
1.38 51.7 204 1.19 0.331 091 249 17.0
0.687 97.7 107.7 1.12 0.416 0.87 330 21.4
0.276 233 45.0 1.07 0.453 0.87 831 23.2
0.138 461 22.8 1.06 0.411 0.86 1,251 211
0.0687 899 11.7 1.03 0.377 0.86 2,157 19.3
0.0276 2,231 471 1.03 0.428 0.84 4,657 219
22% Porosity, 11% Small Beads Vol. Frac. Sample
2.29 70.2 254 2.68 0.318 0.95 822 12.3
0.92 173 103 2.65 0.197 0.96 1,930 7.65
0.229 691 25.8 2.63 0.224 0.96 8,310 8.70
0.092 1,727 10.3 2.65 0.210 0.96 18,300 8.12
0.046 3,430 5.20 2.63 0.159 0.96 28,100 6.15
0.0229 6,790 2.63 2.60 0.107 0.96 36,600 4.69
0.0092 17,300 1.03 2.60 0.0858 0.96 62,000 3.33
Samples Obtained from Monodisperse Glass Beads
34% Porosity Sintered 300 um Dia. Beads
1.125 154 102 2.89 0.00322 0.98 NM* 1.01
0.45 373 42.0 2.80 0.00424 0.98 NM* 1.33
0.225 905.5 17.4 3.40 0.00421 0.97 NM* 1.32
0.112 1,520 10.3 2.84 0.00399 0.96 NM* 1.25
0.045 3,760 4.17 2.82 0.00532 0.97 NM* 1.67

*NM: nonmeasurable.

Other data obtained with samples prepared from 200 um dia. monodisperse glass beads are listed in Table 1 of Charlaix et al. (1987). Since, for these specimens, one has
L, = d, the ratio 2,/ L, shown in the present paper is equivalent to the expression K,/ ¥, in this previous reference.

Gaussian with a coefficient K,, provided that no correlations
exist in the flow field at scales larger than the sample size. In the
rest of this paper, we shall use K, as the key parameter charac-
terizing the magnitude of the dispersion effect.

Qualitative Analysis of Experimental Results

In Figure 1, we compare dispersion curves obtained with a
monodisperse (Figure 1b) and a bidisperse (Figure la) sample
with otherwise similar characteristics at a same flow rate of
0.276 mL/min. In order to make comparisons easier, the nor-
malized conductivity variations are plotted vs. the ratio of the
injected volume V to the total accessible porous volume V,,,. This
plotting scheme will be kept throughout the paper, it allows us to
eliminate the influence of the sample volume on the curves. V,,
is theoretically (Schweich, 1985; Villermaux, 1981) equal to the
product QT, where Q is the volume flow rate and 7, is the mean
transit time. The monodisperse core is prepared from 200 g dia.
glass beads and has been very lightly sintered with a porosity of
34% (hardly 3% below the porosity of the nonconsolidated mate-
rial). The second sample was obtained from a mixture of 320
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and 95 um beads. Its final porosity is 30% (Table 1), also only
slightly below the porosity of the nonconsolidated material (in-
dividual beads can indeed be scratched away very easily). The
characteristic length, defined in Eq. 10, is of the order of 180
um, very close to that for the monodisperse sample. The volume
fraction of small beads in the binary sample is close to the value
corresponding to the porosity minimum well known in binary
mixtures (Ben Aim and Legoff, 1967; Ben Aim, 1970). At this
porosity minimum, we expected from previous results (Le-
maitre, 1985; Lemaitre et al., 1986; Guennelon et al., 1983) a
large dispersion (perhaps 100 times higher than for the mono-
disperse sample) and a very anomalous curve with a strong tail-
ing effect. On the contrary, our dispersion curve for the binary
sample, Figure la, is nearly Gaussian with almost no tail and a
small dispersion coefficient (estimated from the large slope of
the dispersion curve at the inflexion point). Both the tail and the
dispersion amplitudes are on the order of or even lower than
those corresponding to the monodisperse sample, Figure 1b.
How can this discrepancy be explained? First, it is extremely
unlikely that the degree of sintering during the preparation can
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Figure 1. Normalized conductivity vs. V/V,, for monodis-
persed and bidispersed samples.

modify so drastically the sample characteristics. The main dif-
ference is, in our opinion, that in the previous works (Lemaitre;
Lemaitre et al.; Guennelon et al.) all the volume filled with pow-
der is taken into account during the dispersion experiment,
including the volume in the vicinity of the container walls. In the
present experiment, the experimental sample is cored out of a
much larger sintered glass cylinder. The influence of permeabil-
ity variations across the sample cross section or near the walls is
strongly reduced because we study a small part of the total sam-
ple. In the previous works, it has been seen that inhomogeneities
introduced during the filling process strongly influence the dis-
persion characteristics. This hypothesis has been confirmed by
recent CAT-scanner measurements (Gauthier, 1986) of the por-
osity distribution in similar nonconsolidated bidisperse mixtures
inside columns with a diameter of several cm. Porosity varia-
tions of a few percent which are large enough to explain the
large amount of dispersion in these systems have been observed
across the section of these samples. It is very clear experimen-
tally (Lemaitre; Lemaitre et al.) that these imperfections
become much larger at mixture compositions corresponding to a
porosity minimum. This in itself is a very interesting physical
effect perhaps related to the flow properties of the mixtures. The
influence of wall effects has also been shown during our disper-
sion measurements in monodisperse beads (Charlaix et al.,
1986, 1987): the effective dispersion coefficient is significantly
higher for samples coated with a low-viscosity epoxy penetrating
the sample on a thickness of one or two mm than when a very
viscous epoxy coating is used. A similar discrepancy, although
much smaller, exists between our measurements and the
increase of the dispersion coefficient by a factor of 2 also
observed by Han et al. (1985) on unconsolidated mixtures with
two peaks in the diameter distribution; these authors use a
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rather different size distribution from ours (small fraction of
large spheres with a diameter on the average four times larger
than that of small spheres). In this case, too, nonuniformities of
the mixture may explain the dispersion coefficient differences;
for instance, if clusters of large spheres buildup, they will induce
significant permeability inhomogeneities.

At this point, using the above qualitative observations, there
seems to be no intrinsic drastic effect of the polydispersity on
tracer dispersion. Let us now investigate the evolution of the dis-
persion curves at constant flow rate values and mixture composi-
tions when the degree of compaction of the material is increased.
Figure 2 shows three dispersion curves at the same flow rate of
0.276 mL/min corresponding to three bidisperse samples of
decreasing porosities obtained from similar bead mixtures.
While dispersion in the lightly sintered sample (@ = 30%) is low
and almost Gaussian, Figure 2a, it increases markedly at @ -
18%, Figure 2b, where a small tail appears. At & = 12%, disper-
sion is still higher and definitely non-Gaussian, Figure 2c. These
results are qualitatively similar to those reported by Charlaix et
al. (1986, 1987) for monodisperse samples of increasing com-
paction. Unfortunately it is not possible to obtain reference data
for a nonconsolidated bidisperse material since this implies cor-
ing a sample out of a powder, a highly inconvenient and pertur-
bative process.

Finally, a first view of the dependence of the dispersion coeffi-
cient on the Peclet number is obtained by superimposing nor-
malized conductivity variations measured at six different flow
rates ranging from 1.38 to 0.0276 mL/min for the same 12%
porosity bidisperse sample, Figure 3. The horizontal axis, as
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Figure 2. Normalized conductivity vs. V./V,, for three bi-
dispersed samples.
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Figure 3. Normalized conductivity vs. V./V,, at different
flow velocities.

before, corresponds to the ratio of the injected fluid volume to
the total pore volume; the vertical axis represents the normal-
ized conductivity. In these axes, a dispersion coefficient K pro-
portional to the Peclet number Pe gives a slope independent of
Pe (if K « Pé?, the step gets broader as Pe increases; in contrast if
K = constant, the step gets steeper). We observe that all curves
superimpose very well; this suggests a variation of X approxi-
mately proportional to Pe. This behavior, again, is very similar
to those obtained for monodisperse samples. Thus, geometrical
dispersion should be the dominant effect; again, no drastically
new dispersion mechanism is introduced.

Quantitative Dispersion Parameter Variations

Let us now analyze results of the capacitance model applied
to the dispersion curves obtained for the same three samples dis-
cussed above. A list of the values obtained from these fits for
different monodisperse and bidisperse samples is given in Table
1.

We have first checked whether, at the end of the experiment,
the tracer concentration reaches its new limit in the whole acces-
sible porous volume V.. As said above, the product of the flow
rate Q and the parameter 7, should, in that case, be equal to V),
(Villermaux, 1981) and therefore should remain constant at all
flow rates. We verified indeed that, for all three samples, the

é
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4

L 4
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product 7,0 remains constant within +5%. The precision is bet-
ter for samples with the largest volumes for which the deconvo-
lution computation is more accurate.

Figure 4 shows the variation with Pe of the flowing fraction f
for the same three samples as displayed in Figure 2. We shall
only use the parameter f to characterize the magnitude of the
deviation from a Gaussian behavior. The Peclet number Pe =
Ua/D,, is taken equal to:

L,
T,

Pe = D “4)

m

where D, is the molecular diffusion coefficient, L is the total
length of the sample, and L, is a characteristic microscopic
length scale defined as the ratio of the total solid grain volume to
the total grain area before sintering. L, is given by the formula:

[ND} + (1= N) DY)

L, =
' IND} + (1 - N) Dl

(5)

where NV is the fraction in number of the spheres of diameter D,
in the mixture, and D, and D, are the original individual diame-
ters of the spheres in the nonconsolidated mixture. For the very
lightly sintered sample (& = 30%), fis always above 0.98. At
the lowest velocities, the curves are Gaussian within experimen-
tal uncertainty. When the degree of sintering increases, f goes
down to 0.95 for @ = 18% and to 0.85 for @ = 12%. Although
the corresponding curves display significant tails, these are
smaller than in monodisperse samples with similar degrees of
sintering (Charlaix et al., 1986, 1987). Once again, no large dis-
persion anomalies due to polydispersity are observed. As for
monodisperse samples, f decreases at higher degrees of compac-
tion.

Figure 5 displays for the same three samples as in Figure 4
the variations of the characteristic length ¢, = K,,/U with Peclet
number. (Note that £, is obtained from the asymptotic disper-
sion coefficient defined in Eq. 3.) As stated previously, 2, corre-
sponds to the correlation length of the velocity field inside the
sample and is the key information given by the dispersion mea-
surement. Let us first notice the increase of £, by a factor of 30
between @ = 30% and @ = 12%; in the latter case, the correla-
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Figure 4. Flowing fraction vs. Peclet number.
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Figure 5. Variations of dispersion length vs. Peclet num-
ber.
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tion length is up to about 6 mm. The sintering process increases
very strongly the dispersion magnitude, just as for monodisperse
sintered samples. The second important feature (already appar-
ent from a qualitative analysis) is the weak variation of £, with
the flow rate in the Peclet number range we have used. In that
domain, geometrical dispersion is therefore dominant. Since €,
is almost constant with Pe, from now on we shall compare dis-
persion in different samples by using the corresponding value of
2, at some intermediate value of the Peclet number (typically
around 50).

A major problem in the interpretation of dispersion experi-
ments is making comparisons among data obtained on samples
prepared from different sizes of beads, or from grains with a
very broad size distribution.

Recently, conductivity and permeability measurements have
been reported on the same sintered samples as used in the pres-
ent work (Wong et al., 1984; Guyon et al., 1987). The variation
of these parameters with the degree of sintering and the mixture
composition is smooth and does not display any discontinuities.
One obtains from these measurements a characteristic length
scale

L, = FJk (6)

where k is the permeability of the fluid and F is the ratio of the
conductivity of a fluid to the conductivity of the porous media
saturated with the fluid. In sintered materials made from mono-
disperse beads (Wong et al., 1984), L, is equal to the bead diam-
eter. In bidisperse samples (Guyon et al., 1987}, the experiments
show that, at all degrees of sintering, L, is approximately equal
to the length scale L, defined above by Eq. 5. The key feature of
this characteristic length scale L, obtained from conductivity
and permeability measurements is therefore that it does not
depend on the degree of sintering (for porosities between 10 and
40%) and that it varies smoothly with the mixture composition.

A major objective of our work is to compare this result with
the variation of the characteristic length ¢, obtained from dis-
persion measurements on similar samples. For that purpose we
have chosen to characterize the magnitude of the tracer disper-
sion by a dispersion ratio:

b
=

. (N

1 2

R~

I

[\

This novel approach is preferable to the use of the correlation
length &, of the velocity only; dividing £, by L, or L, eliminates
indeed the influence the mean size of the nonconsolidated mix-
ture. In this way, characteristics of porous media from very
diverse origins can be compared.

In Figure 6 we plot the variation of R against the difference
& @ of the sample porosity @ and of the porosity @, for a non-
consolidated sample of the same composition. @, has been esti-
mated from the work of Ben Aim and Legoff (1967), Ben Aim
(1970) Lemaitre (1985) and Lemaitre et al. (1986). In this way
variations of the porosity @ directly associated to the polydis-
persity are eliminated. In Figure 6 the open squares correspond
to data for four monodisperse samples prepared from 200 um
dia. beads with respective porosities of 37 (nonconsolidated sam-
ple), 34, 24, and 14%. These samples are those studied previ-
ously (Charlaix et al., 1987). The solid line represents a best fit
to these four data points. The black diamonds correspond to
data for the three bidisperse samples with porosity equal to 30,

AIChE Journal

monodisperse 200um beads

~N

1 - T . .
0.0 0.1 02 A 03

Figure 6. Rvs. A¢.

18, and 12%. These data are the same as used in Figures 2, 4,
and 5. We also include data for one bidisperse sample (black
square) prepared from glass beads of 320 and 95 um mean dia.
with an 11% volume fraction of small beads with a sample poros-
ity of 22%. Finally, we show data for one monodisperse sample
(open diamond) prepared from 320 um mean dia. beads with a
33% porosity. The length £, values have been determined at fluid
velocities in the intermediate Peclet number range (typically
between 20 and 100).

For the nonconsolidated monodisperse sample (A @ =0), Ris
of the order of 0.5; in this case, there are no large-scale inhomo-
geneities, and the velocity correlation length is about the grain
size. This R value represents a lower limit. If the flow is not tur-
bulent, the correlation range of the velocity field will be at least
equal to an individual pore size. For the least consolidated bidis-
perse sample (A @ = 0.015), R is about 0.7 and similar to the
monodisperse results. Therefore we can deduce that the mixture
is homogeneous above a scale of no more than two or three grain
sizes.

At higher degrees of sintering (A@ =0.13 and A @ = 0.19),
the variation of R is similar for the bidisperse samples studied
above and the monodisperse samples. In both cases, R is 50
times higher for A& = 0.2-0.25 than for a nonconsolidated
sample (A @ = 0). {, is very sensitive to inhomogeneities intro-
duced by the sintering process while L, and L, remain constant.
Experimental points for the other samples, corresponding to dif-
ferent volume fractions of small beads, follow the general trend
of variation with A @. The deviations are probably associated
with the sensitivity of the technique to slight variations in the
packing or sintering procedure.

Conclusions

A first key result of this work is that it is possible to charac-
terize the heterogeneity of a sintered material by a parameter R
independent of the initial mixture composition and grain size. R
is equal to the ratio of the length scale £, = K,/ V obtained from
the dispersion measurements by the scale L, defined by Wong et
al. and Guyon et al. from conductivity and permeability values.
This dispersion ratio is an original characterization of the scale
of the heterogeneities of the flow and of the mixing efficiency of
the porous medium. Qur measurements on both monodisperse
and bidisperse samples show indeed that R depends mostly on
the degree of sintering (for a given sintering and filling proce-
dure) and not on the characteristics of the mixture. The same
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large R variations with the degree of sintering (factors of 30 or
60) are obtained in both monodisperse and bidisperse samples.

A second important result is that lightly sintered bidisperse
samples display a regular Gaussian dispersion behavior, even at
mixture compositions close to the porosity minimum. This latter
result is in contrast with the huge dispersion anomalies reported
by Guennelon et al., Lemaitre, and Lemaitre et al. in nonconsol-
idated binary mixtures with similar compositions. We believe
that these effects are associated with permeability inhomogenei-
ties across the sample cross section, particularly at the container
walls. We do not observe these effects because we core out a
small part of the total sample (located near the center) to per-
form our experiments. In addition, the improved filling process
we use probably further reduces the amount of heterogeneities.

In short, the present results confirm that tracer dispersion is a
measurement mostly sensitive to large-scale heterogeneities and
long-range fluid velocity correlations rather than to microscopic
details. A next step is to examine why sintering processes may
introduce such large-scale inhomogeneities. A possible approach
is to improve the filling and sintering techniques and determine
whether the final amount of dispersion can be reduced. Other
experimental techniques sensitive to nonlocal effects will have to
be used in order to cross-correlate the results with the dispersion
measurements. It is an open problem on which active work is
being done in our laboratory. We seek to correlate quantitatively
the value of £, to the extremely heterogeneous nature of random
cuts of pore space obtained for heavy sintering (contrasting with
the regular one obtained for light sintering). Image analysis and
mercury porosimetry are two possible candidates. In the latter
technique, the invasion of a pore by mercury at a given injection
pressure is determined by the presence of a continuous chain of
large pores connecting it to the injection point. Another need is
to correlate quantitatively dispersion anomalies to heterogeneity
sizes or permeability contrasts. Information on this problem will
be obtained using, for instance, artificially prepared layered
samples.

Finally, all these problems encountered in sintered materials
are closely related to those found in real rocks. The study of
heterogeneities introduced during the sintering will indeed give
crucial information on those introduced in rocks by the diagene-
sis process. A proper analysis of the influence of the sintering
and filling processes on the dispersion characteristics will be an
important step toward this goal.
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Notation

a = characteristic microscopic length of flow channels in a porous
medium
D,, D, = diameter of individual spheres
.. = molecular diffusion coefficient
f = flowing fraction, Egs. 4, 5
F = formation factor
k = permeability
K| = dispersion coefficient parallel to flow
K, = dispersion coefficient perpendicular to flow
K, = dispersion coefficient value obtained from a best fit with a
Gaussian model
K = dispersion coefficient from four-parameter model
K, = asymptotic dispersion coeficient
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2, = characteristic length scale obtained from dispersion measure-
ment, Eq. 2
L = sample length
L, = characteristic microscopic length scale obtained from resistiv-
ity and permeability measurements, Eq. 16
L, = characteristic microscopic length scale defined from volume-
to-surface ratio, Eq. 15
N = fraction in number of sphere with a diameter D,
Pe = Peclet number, Eq. 4
Q = liquid flow rate
T, — characteristic exchange time between the stationary and flow-
ing fluids from four-parameter model
T, = mean transit time through sample
uy = local velocity component parallel to flow
U = mean interstitial flow velocity
V,, = accessible porous volume computed from product 97,
@ = sample porosity
@ . = porosity of nonconsolidated sample prepared from same bead
mixture
LD =0 — D,

[}
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